INTRODUCTION
The ubiquitously-digitized information and communication systems in these days demand high-performance electronic devices in which nano-and microscale components are integrated using passive and active elements on mostly Si or glass substrates. Although device elements have been constructed in nano-and microscale, discrete electrical and structural characterizations and evaluation of functioning of each element are required to optimize the electrical and dielectric performance and to evaluate functional failure and defect origins for these devices. A focused ion beam (FIB) system offers versatile applications in materials research and development owing to the inherent capability of high-precision milling (Giannuzzi et al., 1998) . It is used for in situ nanoscale characterization, fabrication, patterning, and intentional manipulation of electronic devices (Nikawa, 1991; Nam et al., 2005; Tseng, 2005; Lasagni et al., 2008; Jeon et al., 2010) . Among the auxiliary attachments, nanomanipulators uniquely allow in situ electrical characterization in combination with high-magnification imaging, e.g., scanning electron microscopy (SEM). However, there are issues to be answered for extensive applications of FIB-assisted manipulators. In particular, contact issues occur at the electrode -material interface, involving unreasonably high resistance and poor reproducibility. In this paper, we report the application of FIB-assisted nanomanipulators for electrical characterization of microscale structures and materials. Carbon fibers were chosen as a model system to test the applicability of nanomanipulators to microscale systems, with special emphasis on the direct current (DC) current-voltage characterizations. The model system was monitored in terms of the electrode configurations; two-, three-, four-point configurations were used with the manipulators. Depending on the multipoint electrode structure, the contact-related portions can be deconvoluted from the integrated bulk-based electrical information. Using the results from the present case study on carbon microfibers, the geometrical contact resistances were estimated numerically, which was crucial for applying the nanomanipulators to microscale material and structure characterization. We will discuss the unique capabilities of FIB-assisted nanoprobes along with the concurrent limitations. The basic information on FIB-based probes should be of special interest to potential users specializing in electronic devices.
MATERIALS AND METHODS
After organic dilution to optimize the aerial density of the carbon microfi bers, the fi bers were dispersed onto SiO 2 thin fi lms that were thermally grown on Si wafers. The SiO 2 thin fi lm served as an insulating layer for electrical characterization in a conducting or semiconducting material system. Electrical characterizations were performed using nanomanipulators (MM3A EM; Kleindiek Nanotechnik GmbH, Reutlingen, Germany) installed in an SEM-FIB system (Qunata 3D; FEI Company, Eindhoven, The Netherlands) with a semiconductor device analyzer (B1500A; Agilent Technologies, Palo Alto, CA, USA). The positions of the nanomanipulators were controlled with a 5 nm resolution in combination with contact-sensing capabilities. The electrical connections were employed in two-, three-, or four-electrode configurations with positional flexibilities among the four contact points using FIB-aided manipulators. The present work collects the corresponding electrical data based on DC-based currentvoltage characteristics, taking into account the compliance limitations encountered in data acquisition.
RESULTS AND DISCUSSION
Fig . 1A shows the microstructure of the carbon microfi bers dispersed on the insulating SiO 2 thin films deposited on Si wafers. Depending on the solid loading of the dilute solution in which the carbon fibers were mixed with a matrix of an organic solvent, the carbon fibers were interconnected randomly within the three-dimensional network. Since the electrical function of the overall carbon-felt material system, i.e., a non-woven cloth made up of carbon fi bers, was critically dependent on the individual carbon fi bers, a single carbon fiber had to be characterized without ambiguity in terms of its electrical characteristics, especially conductivity (or its reciprocal, resistivity). After appropriate positioning of the carbon microfibers, a single carbon microfiber was selected for FIB-based electrical analysis (Fig. 1B) . Electrical contacts were then formed between the nanomanipulators and the carbon fi ber at four different locations, as shown in Fig. 1C .
In particular, intentional combinations were formed among four contact points, allowing for two-, three-, and four-point electrode confi gurations. Fig. 2A -C show the two-, three-, and four-point electrode resistance measurements, respectively. The measured threepoint electrode configuration resistance was 3.6×10 2 ohm and the two-point electrode resistance was approximately 5.4×10 4 ohm (See Fig. 2A and B) . However, the four-point electrode confi guration resistance was calculated as 49 ohm, indicating there were no contact issues with the electrodes (Fig.  2C) . In the two-and three-point electrode configurations, the relationship between the current and voltage was highly linear, implying that no non-ohmic effects existed in the carbon fiber positioned using nanomanipulators, as shown in Fig. 1C . Therefore, the remaining issue was limited only to the geometrical constriction between the electrodes and the material. The values of the two-and three-point electrode confi guration resistance refl ected the resulting contribution of electroding interfaces where the two-point resistance involved two interfacial components, unlike the single interface involved in the three-point electrode measurements. Such large discrepancy can be associated with the geometrically limited contact resistances at the probing interfaces (Newman, 1966; Hwang et al., 1997) . Depending on the electrode confi gurations, the corresponding current-voltage characteristics can involve the undesired effect of geometrically limited contact resistance present at the metal-carbon interfaces. The corresponding equivalent circuit is shown in Fig. 3 . At every contact point between the electrode and the material, site-specifi c contact issues existed, originating from the geometrically constricted interfaces (Fig.  4) . The spreading resistance R spreading is determined by the equation (Newman, 1966) R spreading =1/(4σa)
( 1) where a is the contact radius and σ is the conductivity of the material. Furthermore, the contact resistance is inversely proportional to the contact radius. The values of the contact resistance was not always be identical among the contact points, leading to significant variations in the position of contact formed between the probing tip and the carbon fiber. Surprisingly, the calculated contact radius was located in the sub-angstrom regime. The small value did not match the physical observation on the contact area. Accordingly, it appears that additional resistive materials were located between the metallic tip and carbon fiber, in the form of surface contamination or oxidation layers. Depending on the magnitude of the applied electric field, those materials will function either as a barrier or a tunneling layer. Therefore, the direct contact of FIB-manipulators should be scrutinized before quantitative estimation of the material's resistivity (or conductivity). The four-point electrode confi guration led to a resistivity of 1.1×10 -5 ohm · m, excluding the contact resistance and the effect of undesired surface layers, since the four-point electrode configuration can extract only the potential difference between the two sensing points. The calculated values were in excellent agreement with values in the range 0.91 to 1.38×10 -5 ohm•m. In other words, the effectiveness of FIB-based nanomanipulators should be guaranteed after empirical verifi cation of contactbased problems. Otherwise, simplified two-point electrode configuration can mislead the numerical estimation of material properties such as resistivity. Our next paper will report the characterization and structure of nanoscale materials.
CONCLUSIONS
The spreading resistance originated from the geometrical constriction between a nano-manipulator and a single microscale carbon fiber. In addition to the spreading resistance, there were indications of the existence of resistive barriers (in the form of surface contamination or oxidation layers) between the probing tip and the carbon fiber. The two-and three-electrode configurations suffered from contact problems present because of spreading resistance effects and the spurious surface layers. Only the four-point electrode confi guration could eliminate the misleading effect associated with contact issues between the electrodes and the conducting probe. According to the four-point electrode configuration measurement, the calculated resistivity of a microscale carbon fi ber was in excellent agreement with the reported bulk value for carbon materials. Therefore, FIB- 
